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CHAPTER I
INTRODUCTION
In the study of nuclear reactions, two models
have been notably successful: (1) the compound nucleus
model; and (2) the direct reaction model.
According to the direct reaction model, the
transition from the initial state to the final state takes
place in one step, without the formation of an intermediate
state. The cross sections predicted by the direct reac-
tion theory do not show the sharp resonances as a function
of incident energy characteristic of the compound nucleus
theory. The distinctive feature of the direct reaction
theory is that the cross section shows a very strong de-
pendence on the direction of emission of the reaction pro-
ducts.
1
The theory of direct reactions may be considered
as an extension of the optical model, according to which
the elastic scattering between two nuclei can be described
by a complex potential well. The theory accepts the opti-
cal model as a first approximation, but introduces an
additional interaction as a perturbation, giving rise to
nonelastic processes. This additional interaction is
1
assumed to affect some simple internal degree of freedom
of one of the two nuclei involved in the collision. This
internal degree of freedom is usually taken very literally:
one nucleus is regarded as consisting of two nuclides in
a bound state. The other nucleus is allowed to interact
directly with one of these two subunits to produce internal
excitation or rearrangement. The theory is concerned with
the calculation of the transition amplitude for various
types of nuclear reactions on this model.
The distorted wave Born approximation (DWBA)
method
2
has been particularly successful in describing
deuteron stripping reactions. The physical picture of the
stripping is of a deuteron moving in the total force 'field
of the nucleus, being stretched by the action of the Coulomb
repulsion on the proton. The neutron, attracted by the
nuclear potential but feeling no Coulomb repulsion, is
captured and the proton scatters away. The stripping
reaction has been studied as a very important means of ac-
quiring information about nuclear levels.
This thesis is devoted to the study of the
84:
Kr(d,p)
85
Kr reaction.
85
Kr has been previously investi-
Q 0 Qp
gated by B. Rosner and E. J. Schneid through the Kr (d, t) Kr
2
3reaction,
3
and by C. M. Fou and R. W. Zurmuhle with the
(•“’He
,
cr)® B Kr reaction. 4 Both of these earlier measure-
ments utilized the pick-up reaction as opposed to the
stripping mechanism of our (d,p) measurements, and hence
tended to excite different states. In the present experi-
ment, the target nucleus has two neutron holes in the
N = 50 closed shell and J n = o+.0
+
.
The (d,p) stripping re-
action is thus expected to measure rather accurately the
degree of emptiness of the nearly full 2p3/2, 2pl/2, and
g9/2 shells lying below the closed N = 50 shell, and to
identify states beginning with 2d5/2, 3sl/2, lg7/2 and
2d3/2 lying above the N = 50 shell. There has been little
previous information on Kr available through the (d,p)
reaction, largely because of the difficulty of obtaining
isotopically enriched targets. The measurements were car-
ried out using 90.1 percent isotopically enrichments of
gas (supplied by Mound Laboratories, Miamisburg, Ohio),
which only recently became available.
The DWBA theory used for the analysis of the
experimental measurements is discussed in Chapter 11. A
discussion of the experimental techniques is presented in
Chapter 111. Chapter IV describes
the analysis of the
experimental measurements.
A summary of the results of
this work and the conclusions deduced from it are presented
in Chapter V.
CHAPTER II
THEORY
2.1 The General DWBA Formula
For simplicity, spin orbit interactions in the
entrance and exit channel will be omitted in deriving the
DWBA amplitude.
Consider a general (d,p) stripping reaction,
d + A - p + B, which can be pictured as shown in the figure
2.1(a). The following notation will be used in what follows
= reduced mass of the deuteron
m = reduced mass of the proton.
ir
Tip, = probability amplitude for the transition
from state I to F.
0 (") = the distorted wave describing the relative
pB
motion of p and B, incoming at infinity.
+ )
= the distorted wave describing the relative
motion of d and A, outgoing at infinity.
\|r \lr = the exact initial and final state scattering1
F
wave functions.
U-o
= spin wave function for the proton.
= spin wave function for the deuteron.
4
(a) Pictorial representation of the initial and final states
in a (d,p) stripping reaction.
(b) Vector relationship between the particles involved in a
(d,p) stripping reaction.
Figure 2.1
5
6The exact final state for the stripping reaction
is completely described by the Schrodinger equation
(2.1)
where the Hamiltonian
(2.2)
and
T = internal kinetic energy of the residual nucleus,
B
Tp B = relative kinetic energy of p and B,
Vg = internal potential energy of B,
Vp-g = the actual physical potential between p and B.
This is so far, the exact p + B scattering problem, which
cannot be solved, but a closely related one is solvable.
The Hamiltonian of the solvable problem is
(2.3)
where
U
„
= final state optical potential
pB
for the proton elastic scattering, B(P,P) problem. Thus,
Vf = Vf
= t+ t + V + v
F B pB B pB
%- T s
+ T
pß
+V
B
+ U
pß
7can be solved. Similarly for the initial state, the exact
Hamiltonian is,
(2.4)
and
Assuming now, in the spirit of the first Born approxima-
tion, that elastic scattering is the most important pro-
cess which occurs, we have the approximate Hamiltonian in
the initial state given by
(2.5)
whe r e
UdA = the optical potential for deuteron elastic
scattering from A (i.e., A(d,d)).
With this Hamiltonian the following problem is solvable,
A A A
Vf = E F tF
H
T
= T. + T + T,
a
+ V (|) + V + V,
AI A pn dA a
vs '
pn dA
H ~ E ( E I - E f)
H=T+T+T + V + V + U
I A pn dA A pn dA
8(2.6)
Writing the T-matrix in the distorted wave Born approxi-
mation as,
5
(2.7)
it reduces to
(2.8)
using equations (2.2) and (2.3). Then assuming that Vpg
can be written as V = V
A
+ V and for a heavy nucleus.
pB pA pn
’
V-oA -n, then V _ - U V , the perturbation affect-pA -—' pß* pB pB pn
12
ing the simple internal degree of freedom r
n
9
.
Thus
(2.9)
J\( \ *(+ )
where • and \|/ v ' are characterized respectively by the
asymptotic behavior e
ik
‘ r
+ outgoing wave and e
ik,r
+
incoming wave.
5
Neglecting spin orbit interactions in
both the entrace and exit channels, the initial and final
wave functions are given by the following expressions:
A A
Vi= Vi
T
IF
- "}I
HF
-
'
T =/f( ~ ) I V - U If ( + )
V
)
IF \V 1 pB pB I /
T = < | V |f( + )X/
IF \ F ' pn 1 I /
9(2.10a)
(2.10b)
The cross section for the transition from the
initial to the final state is,
5
(2.11)
The wave functions and 0^ are determined
pB dA
as follows. We note from the equations (2.5) and (2.3)
that the total Hamiltonians for the initial and final
states can be broken up into (a) internal and (b) relative
parts. We can write for the final state,
(2.12)
Writing the wave function for the final state
as
(2.13)
where
(2.13a)
+ i _) = 0 (
' ) (k’
p »% B )
X,iP / Mf ( B )
F pB P 1/2 Jf
\|/( + ) = 0^ + )(k ,r )0 (r )x^ dX Ml (A)
I dA ddAdpnlJi
mm
k
(U-.F) dp 'MI T |2
d (2«h2)2 Kp ' IF 1
H = [(T +V) + (T + U )]\?(”) = E \|/(“)
F F B B
; V
pB pß' F F F
-(-) (-)
F B pB
( T
B
+ V*B = Vb}
10
and
(2.13b)
the energy for the final state being,
Thus, knowing the optical potential U one can in prin
P-D
ciple calculate the proton distorted wave in the
final state.
Similarly for the initial state,
Again,
(2.14a)
Where,
(2.14b)
(2.14c)
(T + U )0 )= E )v
pB pB
;
pB pB pB
E=E + E
F B pB
H =[ (T + V
A
) + (T + V ) + (T
~
+ (2.14)
I
k
A ' v pn pn' v dA dA' I v '
f( +) = * u) 0 )0 (;)
I A pn pn dA
< T
A
+ V*A = Va>
(T + V )0 = E 0 )
pn pn pn pn pn
11
(2.14 d)
and
Here again, one can get knowing the optical potential
U
dA'
2.2 Calculation of the T-Matrix
Assuming a physical picture as shown in the
Figure (2.1a), the internal Hamiltonian for the residual
state is separable in the following way:
We can then expand the wave function for the final state
on the basis set exhibiting the target (in all possible
states) plus the stripped nucleon moving with respect to
nucleus A in a single particle orbit, characterized by
angular momentum i and total angular momentum j,
(T + U )0) = E 0^ + )v
dA dA
;
dA dA dA
E = E + E + E,
. .
I A pn dA
H = H (|) + H (~r )
B A nA nA
y
=T+V=(T+V ) + T + V ).
B pB A k nA nA
12
(2.15)
where
(2.16)
That is, the final nuclear state is taken to be a state
described by a linear sum of terms, each of which repre-
sents a vector coupling of the particle 'n f in a single
m.?
particle state 0» J to a possible state of the core (target)
nucleus of angular momentum J .
In writing the T-matrix (2.10a), an implicit
assumption is made that core excitations in the wave func-
tion of the final nuclear state may be neglected. This in
turn implies that inelastic scattering in the exit channel
is neglected as mentioned earlier. Thus, the final state
in fact consists only of the core in its ground state
coupled to the eigenstates of the neutron, and J
c
= J^.
The coefficient then represents the degree to
which the final state has the configuration of a single
particle 0 coupled to a core of spin J„. It may also be
1
3
noted that we have implied the following C-G coupling:
-» -> m- M_ M.p
(A,r ,cr ) = 2 B (J J )[0
J (r ,a )*°(A)]
1
Jf n n l.j 3* c f ijnnJc
0 c
DM _> M 0 Mf Jp JJf Mp m i
[0 °(r , a )\|r (A)]
1
= 2 C 1 0
J
" J c Jf Mm. J c
c j
13
(2.17)
and
(2.18)
u^(r n ) is the form factor, the radial wave function for
the motion of f n f with respect to A. Thus,
(2.19)
where, to repeat, |£j^ represents the degree of overlap
between the wave function of the residual nucleus and the
wave function of the neutron in the pure single particle
m i /
state o£.0 £. coupled
to the ground state of the core.
If then the final state may be completely
described by such a wave function. If, on the other hand,
we have configuration mixing, the strength of £ is dis-
tributed over the above sum. That is, the pure level is
split into many components. The value of is de-
fined as the Spectroscopic Factor of the state.
Substituting the expressions for and \Jr^ +^
F I
into the T-raatrix, we have
< s = 2 c t /2L i <*l/2Jl a m e i 1/2J m
s
m
£
s 1 J
m m
0 = U (r )Y (r ) :
lrn l n
m. Mi M
\|r = B. ( 0
f
J
f Ji
J
f
J
f
'
14
(2.20)
and
(2.21)
Then from the orthogonality of the spin functions along
with the integration over the internal coordinates of A,
the expression (2.20) reduces to
Then assuming that the detection of the emitted particle is
spin-insensitive and that the incident beam is unpolarized,
one must average over the possible three initial spin
directions of the deuteron and sum over the final two spin
directions of the proton to obtain the observed cross sec-
tion from equation (2.1). Defining
/ (- ) uL-n m Mi Ms
T =
-im
A
VPB
X
l/2 JiVj X l/ 2 l Vpn|o d
J
3
m m |_l
*
[i
1
is p s
M
i (
+ )\
* X
,
X
,
x 0 )
1/2 1/2 J. dA /
JiJ Jf 1/2 l j 1/2 1/2 1
A = C
1
C C
M. m.M
_
m m m
.
(i m \x
,
ijfs jpsd
(2 ' 22>
°J l s
(2.23)
Then using the previously given formula (2.11) for the
cross section, we get after some Clebsch-Gordan algebra
(2.24)
or
(2.24b)
2
(S = = Spectroscopic Factor) where the sum over j and
is dropped if only one value of j, l is believed allowed
in the reaction. The problem is therefore reduced to the
m . (- ) m
evaluation of from equation (2.23) assuming 0 ,0^
( + )
PB
and are known. To evaluate this matrix one expands
it in terms of the basis set I r r Figure 2.1b. The
na pB/
initial and final states may be completely described in
terms of these variables and all other pertinent variables
15
m i /(” ) 111 1 | ( + ) \
B
| VPB
V
pn >
,
ram
0da
_
d p p 1 _ s IT1
2
d
"
(2,«Y k d 3 ( 2J i +X)
"
M.,
p
'
1
m
d
m
n
k
T.
2J
f
+ 1
2,m. 2 n
= _
2_£ £ i 2 6.
„
B -
2
(2„fi
2
)
2 k
d
2J
i
+ 1
Jin
Ji 1 21+1
, _ m,m 2J. s 1 m o -1
=
I I_E 1! ZS
T
|B^| 2 i
3 2
( 2ltfi
2
)
2 2J
i +lm
J ' " + 1
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can be written in terms of these. Then, from the decompo-
sition theorem
5
(2.25)
At this stage an important approximation, the Zero Range
Approximation, is made in order to facilitate the evalu-
ation of this integral. This approximation involves the
following replacement:
(2.26)
where
The value of may be determined by assuming a definite
form for the deuteron wave function. The form usually
assumed is the Hulthen wave function
6
B
m
=
* 1 )0 m (r *"r )V (r ,r )
1 J2l +IJ P B P
B nA pB
;
pn
l
nA’ pß
j
/
»
f ""t" )
/
* 0 (r ,r )0' (r ,r )dr dr
d nA pB dA nA pB nA pB
v
n
) - V s(r )
pn pn a pn u pn
m _s -*
r=r - r
pn mA +m n
nA pB
(p-Ctr
„
- f3r \
- j (2.2V)
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where
and
with
(2.28)
Using the fact that 0 d satisfies
the following equation,
(2.29)
where is the binding energy of the deuteron, and employing
Green’s Theorem, it is easy to show that
(2.30)
Then making the replacement equation (2.26) in equation
(2.25) and integrating over r one is left with
Q = 0.231 fm~
l
and p = 1.438 fm
1 fm = cm
B = (2gp(ct + P))
l/Z
(P - a)
*
2 2
( - A + V )0 , =£,o ,V
2m
d
P n d
c d d
v 0 = £ d^d( r ) dr
18
Then expanding the distorted waves in spherical harmonics,
(2.32)
(2.33)
where the radial wave functions satisfy the radial wave
equations containing the appropriate optical potentials
Substituting these into B™ and using the relation
(2.34)
one obtains
b“
= ( 2f + (2 ' 31)
-1/2 r(-)/- % -*\ -a (+) -x ±
= (2 £ +1) V 10 K , —r) U (r) Y (r)0 (K ,r)dr
0 pB \
'
dA d
( - ) \ * U U*
*l
'
= 4it 2if (K r)Y (r)Y (K )
pB A. p \ A. p
=4»Z i
X
f (K )
dA X d X X d
/m-i
m-z*
Y, P)T, (-«■) Y (-ft)cUl
1
1
z
2
1
3
( ( Zt l
+ ( ' Zt 2. + r
l
l
l
Z
l
Z
r
l
l
l
Z
l
3
- V
4it (2 i + 1
' m
i
m
2
m
2
00 0
B = (4k) 5 / 2 V 2 + l)(.2i._t_ll)
l/2
(2.35)
f V (2X + 1) /
X'tXX } £Xu*,* (j. 1 . .
* c c y|~ K
j
(K )R-
mii 0 00 \ d
y
X
v p' X'iX
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whe r e
(2.36)
The angular dependence is obtained by choosing the Z-axis
along and the Y-axis perpendicular to the plane of k^
and k
.
Then
P
In practice, the wave functions appearing in the
evaluation of the overlap integral are obtained as follows:
(1) The radial form factor is the bound state wave function
of the captured neutron, determined by solving the wave
equation:
where E
nA
is taken to be the energy binding the neutron to the
I* oo m
\'ix =J O
fx'<v4 r)D i (r)VV )r2dr '
) = (-1) iii-L—.JLI SLi-t.,} (>•' - U'l pk'l(cose);
2 in (X' - |H• I ) \<
1 0
(2.37)
and
/ \l/2
) = 6 ( (_2\_LAl) (2.38)
-
ra
i
( T
nA
+ V
nA >V.( r nA ) = E nAV.( r nA )
J J
20
core. The potential V is usually assumed to he a real
Woods-Saxon type of potential, with Thomas-type spin-orbit
coupling; (2) The radial distorted waves f. are the solu-
A.
tions to the radial wave equations (2.13b) and (2.14d)
and be calculated if the optical potentials and are
known.
Thus can be calculated using equations (2.35)
to (2.38) with the appropriate wave functions and hence
find the cross section to spectroscopic factor.
CHAPTER III
EXPERIMENTAL APPARATUS AND PROCEDURES
The deuteron and proton beams used in the present
investigation were provided by The University of Texas
Model EN tandem Van de Graaff accelerator.
Positively charged deuteron ions were produced
in an external duo-plasmatron ion source and passed through
an electron-adder canal to become negatively charged ions.
The ion beam thus produced was aligned at a 20°angle to
the EN-axis with approximately 30 keV energy. A small
magnet momentum analyzed the ion beam and directed it along
the En-axis. Two electrons are stripped from the ions,
in a carbon foil stripper located in the terminal of Tandem.
The deuterons are then accelerated from the terminal through
the high energy accelerator tube an an amount equal to
that achieved in the first stage of acceleration. The
beam energy is controlled by a 90° analyzing magnet.
Stabilization is achieved by a feedback system which de-
rives its signal from the beam passing through the exit
slits of the magnet. The energy spread of the beam is
estimated to be 2 keV. The beam energy was measured by a
21
22
precise determination of the magnetic field necessary to
bend the beam through the object and image slits of the
analyzing magnet. Such a determination was accomplished
by means of a nuclear magnetic resonance device. The
energy of a charged particle beam is then relativistically
given by
where
E = beam energy in MeV
2
= twice the deuteron rest mass in MeV
f = the resonant Larmor precession frequency of
a hydrogen nucleus in the field of the ana-
lyzing magnet in mHz
k = the magnet calibration constant in MeV/(mHz) ;
the absolute value of the constant, k
O
0.9835 X 10"
.
The beam, after passing through a 90° analyzing magnet,
and a switching magnet, was focused by a quadrupole lens
84
system through a gas cell, containing kr gas, located
in the center of a 20
n
diameter scattering chamber. After
passing through the cell, the beam was collected in a
E(l + H \ = kf2 (3.1)
' 2mQc
2 /
23
Faraday cup at the rear of the scattering chamber and the
beam current measured with a current integrator. Four
movable 2 mm thick lithium-drifted silicon detectors, con-
structed at the CNS laboratory, and cooled to approxi-
mately dry ice temperatures, were used to detect the charged
reaction products. The pulses from the detectors, after
amplification, were fed into analogue to digital converters
and the resulting pulses stored in an on-line PDP-7 com-
puter.
3.2 The Scattering Chamber and Gas Cells
The 20" diameter scattering chamber was cylindri-
cal with a detachable lid. The gas cell was mounted on
to this lid so as to be positioned in the center of the
chamber. The cell interior could be evacuated through a
1-1/2 inch diameter port. The detector plate on which the
detector collimators and detectors were mounted was located
at the bottom of the chamber. The detector plate was cooled
to approximately -40°C by alcohol which was pumped into a
copper reservoir to which the detector plate was bolted.
The four movable detectors could be rotated to any desired
position from 20 to 165 degrees by means of a hand crank and
the angular position read off on a circular scale.
24
Two cells, defined here as cell A and cell B,
were used. Cell A (Fig. 2.1) consisted of a cylinderical
brass frame 3" in diameter and 2.8" in height with 0.00012
inch thick mylar walls expoxied to it. The beam entrance
window was rectangular 5/l6 x 7/16 inch nickel foil, 7 10
microinches thick. The beam exit window was a similar
nickel foil 20 microinches thick. Cell B is approximately
the same size as cell A, but as a thin-walled tantalum
beam tube of 6.35 mm O.D. and 6.34 mm I.D. inside the
target cell A 1.27 cm gap in this tube at the center of
the chamber defines the target volume. Collimators inside
the tube prevent the beam from striking the tube interior.
In this arrangement the number of target atoms is approxi-
mately the same for all detector angles. This cell, de-
signed later than cell A,
8
allowed significantly better
energy resolution for forward angle spectra than cell A.
The cells could be evacuated, sealed and filled up with
the target gas. To allow evacuation, the top of the cell
contained a 1-1/2 inch diameter aperture which can be
closed by an external value. There are tubings through
the top of the scattering chamber for introduction of the
gas into the cell and the pressure, in inches of water,
Figure 3.1. The Gas Cell A
25
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Figure 3.2. The Gas Cell B.
27
was read from a Wallace and Tierman Model No. 15304 pres-
sure gauge which was calibrated with a precision oil
amnometer. Figure 3.3 shows the calibration curve.
The isotopic and elemental composition of the
84
Kr and natural Krypton were as follows:
(1) on
Krypton--78 0.1 Mole <fo
Krypton--80 0.1 Mole <f,
Krypton--82 0.4 Mole <f,
Krypton--83 5.4 Mole $
Krypt on--84 90.1 Mole <f,
Krypton--86 4.1 Mole <f o
Argon 0.1 Mole <f,
Carbon Dioxide 0.1 Mole <f,
(2) Natural Krypton
Krypton--78 0.35 Mole
Krypton--80 2.27 Mole $
Krypton--82 11.56 Mole <f,
Krypton--83 11.55 Mole
Krypton--84 56.9 Mole $
Krypton--86 17.37 Mole $
28
Figure 3.3. Gauge Calibration Curve
29
3.3 Detector Slit System
System with Cell A (Fig. 5.4). The Figure 3.4
gives a representation of the detector slit system used
with cell A.
9
Detector collimation is provided by a pair
of rectangular slits separated by 4-1/4". The physical
dimensions of the slit system are expressed in the cross
section calculations by a geometry factor G which depends
on the solid angle and target length seen by the detector.
The expression for the G factor is
2b = width of the front slit
h = distance between the slits
Rq = distance from the center of the cell to the rear
slit
i = slit height
In Figure 3.1, =b 2 =b.
This factor is analogous to
the solid angle in a point source geometry, but since a
line source is involved here, the yield depends not only
2
upon the solid angle (2b£/R
Q
) but also upon the length of
the target visible to each element of that aperture, namely
2b(R
Q
/h sine). The G-factor thus has the dimensions of
length.
G = (2b)
2
i/R
Q
h
Figure
3.4.
A
Simplified
Drawing
of
the
Detector
Slit
System
with
Cell
A
30
The rectangular geometry
9
with a height-to-width
ratio of 3 to 1 used is desirable in order to cancel to
first order in the cross section due to finite angle sub-
tended by the detector. A Rutherford angular dependence
of this cross section is assumed. The four detectors were
each separated by 20°. The slit geometries of the movable
detectors were measured with a traveling microscope and
the slit assemblies were mounted at fixed reproducible
distances from the center of the target, enabling accurate
determination of the G-factors for these slit systems.
These quantities are indicated in Table 3.1.
TABLE 3.1
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SPECIFIC SLIT DEPENDENT QUANTITIES
MOVABLE DETECTOR SYSTEMS
(inches)
FOR THE
Detector R
0
h l 2b G
1 7.7375 4.375 0.375 0.125 1.731 X 10"
4
2 7.9075 4.375 0.375 0.125 1.694 X
i
oi—i
3 7.8175 4.375 0.375 0.125 1.713 X 10"
4
4 7.9225 4.375 0.375 0.125 1.690 X 10“
4
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The measured G-factors were checked by means of (p,p)
elastic scattering measurements at 3.0 MeV. At this energy
the cross section was assumed to be purely Rutherford.
The yield agreed with that predicted by the measured G-
factors to better than 5 percent, or to within the expected
experimental error.
System with Cell B (Fig. 5.5). Cell B used a
tube inside the cell with a 1.27 cm gap in it to confine
the target volume. The target volume visible at the de-
tector is thus independent of detector angle to first
order. The G-factor expressed in the cross section now
become s
where d = 1.27 cm is the gap in the tube. The rest of the
quantities are shown in Table 3.1. f \ gives the solid
V
R
o J
angle and d gives the length of target visible at detector.
3.4 Collection of Data and Reduction
Procedure. The nuclear magnetic resonance de-
vice was set to a frequency corresponding to an 11.0 MeV
G = ( g t>)
2d
R 2
0
Figure
3.5.
A
Simplified
Drawing
of
the
Detector
Slit
System
with
Cell
B.
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beam of deuterons. The deuteron beam was focused on the
gas target by a quadrupole lens system. For each run a
record was made of the gas pressure, the beam current, the
charge collected, the monitor reading and the running time.
Approximate values of the above were as follows: gas pres-
sure = l/40 atmospheres, beam current = 0.2 pamps, total
charge collected = 500 coulombs at forward angles, to 2000
coulombs at backward angles; running times were on the
average, 2 hour per run.
Deuterons from the incident beam were collected
in a Faraday cup at the rear end of the scattering chamber.
The cup was approximately 6 feet long and 10
M
in diameter
and was insulated from the chamber. Beam charge was fed
into a Brookhaven Model No. 1000 c current integrator. This
instrument was calibrated by applying a known current to
the integrator, so as to determine the charge collected per
scalar count. The outgoing protons were detected with 2
mm thick lithium drifted Si detectors, biased at 400 volts.
Figure 3.6 shows a schematic block diagram of the elec-
tronics used. The detector pulses were fed into charge
sensitive preamplifiers, from where they entered linear
amplifiers to be shaped. From the linear amplifier, the
pulses were gated into analogue to digital converters,
35
Figure 3.6. Block Diagram of the Electronics Used
where they were analyzed and the digital information trans
ferred to an on-line PDP-7 COMPUTER.
Energy and Cross Section Calculation with Cell A.
The incident deuteron beam energy was calculated with the
help of the formula (3.1). This energy was subsequently
corrected for the energy loss in the nickel windows and
the target gas in the cell, in order to obtain the energy
at center of the target. The energy loss is given by
and was calculated for 11.0 MeV deuterons using the energy
loss tables of Williamson and Boujot.
10
The following expression gives the yield of the scattered
particles,
9
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AE, , _ =AE + AE o . , ,total gas foil ’
(AE
= 13.5 KeV for l/40 atm.
gas
AE„
..
= 9.9 KeV
foil
Y =
Nna ( o ) G (3.4)
Sino
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where
N = number of incident particles
n = number of scatterers/unit volumes
0 = scattering angle
2
and G = (2b) i/ as defined in Equation (3.2) where
b, l, Rq, h are the dimensions shown in Figure 3.3. With
the help of the perfect gas law, PV = expression
(3.4) reduces to
(3.5)
whe r e
Q = total charge collected in microcoulombs
T = absolute temperature in degrees Kelvin
P = pressure in inches of water
Cross Section Calculation with Cell B. The
following expression gives the yield of the scattered
particles when using cell B.
(3.7)
N = number of incident particles
n = number of scatters/unit volume
«( Q \ _ 0.887 X 10"
5
SinQTY
Q.PG
Y = NnaG
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,
. . d
,
2 .
and G = (2b )l /R as defined in Equation (3.6) where b, d,
R> are the dimensions shown in Figure 3.4. With the help
of the perfect gas law, PV = nRT, expression (3.7) reduces
to
(3.8)
where
Q = total charge collected in microcoulombs
T = absolute temperature in degrees Kelvin
P = pressure in inches of water
A = - correction factor due to the
edge effect of tantalum tube
B = + j jj , correction factor due to the
shifting of the center of target at small and
large angles
r = radius of the tantalum tube
t = thickness of the tantalum tube
R = distance from the center of cell to the detector
d = gap in the tantalum tube.
The values of absolute cross section at differ-
ent angles, calculated by using Equation (3.8) with cell B,
were found to be consistent with that of cell A. From each
CT (0) = 2.599 XlO
~ 3
X XA X B
Q.PG
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spectrum we obtained the ratio of the number of proton
counts in each group to the number of deuteron counts in
the elastic group. The deuteron counts were used to ob-
tain an absolute differential cross section curve for the
elastic scattering. This curve and the measured ratio
were used to deduce the differential cross section for the
(d,p) react ion.
The statistical error in the cross section was
taken to be
■where AN = square root of counts in a given peak before
background subtraction.
AO =
g ' AN
N
CHAPTER IV
ANALYSIS OF THE EXPERIMENTAL MEASUREMENTS
4.1 The
84
Kr(d,p)
Bs
Kr Reaction
A typical spectrum taken with the cell B at a
laboratory angle of 30.0°is shown in Figure 4.1. Since
O A
the enrichment of Kr is only 90.1 percent, a comparison
spectrum with different enrichments of the krypton isotopes
was necessary for positive identification of states in
Figure 4.2 shows a comparison of ®^Kr(d,p) and
Natural Kr(d,p)Kr spectra, taken with the cell A at a
laboratory angle of 60 . We identified states in Kr
in the spectra by comparing intensity ratios from the
enriched and Natural Kr targets. The composition of the
two targets is shown in the figure. The experimental
energy resolution with the cell was not as good as that
obtained with cell B. The 3.11 and 3.06 MeV states are
clearly resolved in Figure 4.1 but are not resolved in
Figure 4.2.
40
Figure 4.1.
B^Kt (d,p)
85
Kr Spectrum at a Deuteron Energy
of 11.0 Mev.
41
Figure 4.2. A Comparison of 85Kr and Natural Kr Spectra.
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4.2 Q-Value Determination
Initially the only known Q-values in the spectra
were those of the deuteron elastic peak, with Q. = 0.00 MeV,
the (d, p)
85
Kr ground state group, with Q, = 4.886 MeV
and the
86
Kr ( p)B 7 Kr ground state group, with Q, = 3.286
MeV.
11
We calculated the unknown Q-values by assuming a
linear dependence of energy on channel number. The Q-
values deduced are listed in Table 4.2.
4.3 Optical Analysis
To obtain the optical parameters needed to calcu-
late the incoming deuteron distorted waves in the DWBA
calculation, optical model dits including a spin orbit
interaction were made to 11.0 MeV elastic scattering from
O A
Kr. The optical parameters for the outgoing proton were
obtained from the fits of proton elastic scattering from
natural Krypton.
The deuteron fit was determined with a code
written "by T. Tamara,
12
and the proton fit, with a code
written by F. G. Perey.
13
The optical fit for deuteron
elastic scattering is shown in Figure 4.3. The respective
optical parameters are indicated on the figure. The optical
44
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Figure 4.3. Optical Model Fit to the Kr(d,d) Elastic
Scattering Data.
Figure 4.4. Optical Model Fit to the Natural Kr(p,p) Scattering
Data.
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potential used in both the fits was one with a surface
peaked imaginary part and a real spin orbit part. The
form of this potential is as follows:
where = mass of the pion and a is the spin operator of
the incident particle. The function f(r,r ,a) is the
u
r
usual Wood-Saxon shape.
The deuteron elastic scattering data were fitted by start-
-8 6
ing with the parameters for Kr(d,p),
14 and searching on
them. The proton optical analysis was made using Perey's
average parameters,
15
with a search on V and The final
parameters were the following:
V(r) = -Vf (r, r ,a ) + i4a-W f(r,r ,a ) . . central' ' Or 7 r' 1 D dr Oi i'
+ (a • iaV 2 f(r,rn ,a ) . . spin orbit
so M C r dr
1 ' °r *
JT
(3 - r^/r
2
) if r< r^
. .
coulomb
ze
2
/r if r > r .'
c (4.1)
f /r- r A ]“ !
f ( r,ro
r
,a ) = j 1 + ex p( )| (4.2)
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It was found, as expected, that the real well depth V is
linearly dependent on energy. The following expression
was used for V, viz.
4.4 DWBA Analysis of the
Reaction
The (d,p) data were fitted using the DWBA theory
presented in Chapter 11, i.e., the Equation (2.24b), with
the inclusion of spin orbit coupling, and a finite range
correction. The calculation was done by code VENUS written
by T. Tamura
11
and extensively modified by W. R. Coker
and P. A. Moore.
Figures 4.5, 4.6, 4.7, 4.8, 4.9, 4.10, and 4.11
show a comparison of the experimental angular distribu-
tions and the theoretical DWBA predictions. The trans-
ferred angular momentum l of the neutron is indicated for
V = 50.48 MeV r
B
= 1.26 F a = 0.65 F
Jt\ r
W
D
= 13.77 MeV r = 1.20 F a
J
= 0.53 F
V = 6.80 MeV r = 1.26 F a 0.72 F
so so so
r
c
= 1.24 F
V = Vq = -aE, where = 54.08 MeV
a = 0.3 (4.3)
Figure 4.5. DWBA Fit to 84Kr(d,p) Angular Distribution.
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Figure 4.6. DWBA Fit to
84
Kr(d,p) Angular Distribution.
49
Figure 4.7. DWBA Fit to
84 Kr(d,p) Angular Distribution.
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Figure 4.8. DWBA Fit to
84 Kr(d,p) Angular Distribution.
Figure 4.9. DWBA Fit to 84Kr(d,p) Angular Distribution.
52
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Figure 4.10. DWBA Fit to
84
Kr(d,p) Angular Distribution.
TABLE 4.1
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SUMMARY OF THE DWBA ANALYSIS OF THE STATES
VIA THE REACTION
84Kr(d,p) 85Kr
OF
85
Kr
Level
Number
E* (MeV) i J sj
1 0.00 4 9/2
+
0.194
2 0.303 1 1/2- 0.077
3 1.136 2 5/ 2
+
0.540
4 1.427 0 l/ 2+ 0.453
5 1.868 2 (5/2T ,3/2+ ) 0.013,0.018
6 2.043 2 (5/2
+
,3/2
+
) 0.049,0.075
7 2.369
8 2.514 2 (5/2 + ,3/2+ ) 0.017,0.025
9 2.598
10 2.736 0 l/ 2+ 0.10
11 2.848 0 l/ 2
+
0.157
12 3.055 2 3/2+ 0.274
13 3.109 0 1/2+ 0.134
14 3.277 0 l/ 2+ 0.087
15 3.326 2 (5/2+ ,3/2+ ) 0.027,0.041
16 3.390 4 7./ 2+ 0.062
17 3.456 —
(S/2+, 3/2+)18 3.567 2 0.044,0.069
19 3.628 0 1/2+ 0.030
20 3.717 2 (5/2+,3/2+) 0,058,0.083
21 3.787 2 (5/2+ 3/2+) 0.026,0.039
22 3.896 2 (5/2+,3/2+) 0.022,0.033
23 3.928 0 l/ 2+ 0.027
24 4.027 2 (5/2+, 3/2+) 0.030,0.042
25 4.416 0 l/2+ 0.043
26 4.335 2 (5/2+ 3/2+) 0.015,0.023
27 4.450 2 (5/2+ 3/2+) 0.021,0.031
28 4.547 2 (5/2+,3/2+) 0.024,0.037
29 4.623 —
30 4.692
TABLE 4.2
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ENERGY LEVELS OF
85
Kr
Level E* (MeV)
1
E* (MeV) 2 E* (MeV)
3
Number (a,p) (d,t) (
5He,a)
1 0.00 0.00 0.00
2 0.303 0.305 0.31
1.05
3 1.136 1.12 1.14
4 1.427 1.44
5 1.868 1.89
6 2.043 2.05 2.03
2.20
7 2.369 2.38
8 2.514
9 2.598
10 2.736
11 2.848
12 3.055
13 3.109
14 3.277
15 3.326
16 3.390
17 3.456
18 3.565
19 3.628
20 3.717
21 3.787
22 3.896
23 3.928
24 4.027
25 4.146
26 4.335
27 4.450
28 4.547
29 4.623
30 4.692
1
Present work
2
B. Rosner and E. J. Schneid, Nuc. Fhys. 82, 182, (1966).
3
C. M. Fou and R. W. Zurmuhle, Fhys . Rev. 176, 1339, (1968).
Figure 4.11. DWBA Fit to 84Kr(d,p) Angular Distribution.
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each angular distribution in the figures. Where error bars
are not used, the size of the data points indicates the
approximate uncertainty in the cross sections. There is
overall, good agreement between experiment and theory.
_
• 8^
bmce Kr is an even-even nucleus, the ground state spin
is zero. Therefore, the relationship between experimental
absolute cross section and the theoretical cross section
to a final state of spin J, is given by
(4.4)
where is given by the factors that remain over after
the removal of + l)Sj in Equation (2.24b), without
spin orbit coupling. A similar expression holds even if
spin orbit coupling is included. If the calculated cross
section is defined to be
(4.5)
then the spectroscopic factor is determined by
(4.6)
°exp ( 2J
+ I^CT
DWBA
S
J
a = (2 j + l )a
theory DWBA
S
J
cr exp/a theory
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(if isotopic spin formalism is used, Sj should be replaced
2 2
by C S
, where C is the square of the Clebsh Gordan coup-
ling coefficient.
16
)
Table 4.1 summarizes the DWBA analyses. E* is
the excitation energy of the observed levels in i
is the orbit angular momentum of the transferred neutron,
J and jt are the spin and parity of the observed levels
o c:
in Kr, and S is the experimentally determined spectro-
J
scopic factor. Table 4.2 shows a comparison of the present
work with that of Rosner Schneid
3
and of Fou and Zurmuble.
4
Angular distributions were not measured for the weak 2.37,
2.60, and 3.46 MeV states. In addition, the 4.62 and 4.69
MeV states were obscured at most of the angles by the elas-
tic peak.
O IT
Spin assignments were made to states of Kr
on the basis of the conventional shell model of states.
17
The state of indicates a rather close correspondence
o n
with those of Sr, except that the single particle orbi-
tals appear to lie at a somewhat lower excitation energy
Q C
in Kr. The present experiment doesn't indicate a second
8 5
l = 1 transit ion--if it is present in Kr, it is very weak
Thus, apparently the f5/2 and the p3/2 subshells are vir-
tually full in Kr. The 0.30 MeV, l/2 state with a
spectroscopic factor of 0.08, is indicative of a small
pl/2 admixture in the target configuration. The situation
8 7
is similar in Sr. We find only one strong £ 2 state
o n
below the first £ = 0 state, whereas in Sr there are two. 18
The strong 3.05 MeV state probably marks the onset of the
d3/2 subshell; however, the weak £ = 2 states above 3.05
MeV could be either 5/2
+
or 3/2
+
.
At 3.39--MeV excitation
we find a second £ = 4 state, indicative of the g7/2 sub-
shell. The hll/2 subshell may lie above the excitation
energy range of this experiment.
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CHAPTER V
SUMMARY AND CONCLUSIONS
The purpose of this study was to investigate the
level structure of Because is a gas at normal
temperature and pressure and has not been available at high
isotopic purity, very few experimental measurements have
O A
been carried out using Kr as a target. We have studied
85
Kr via the
84
Kr(d,p)
Bs
Kr reaction, using 11.0 MeV deu-
terons with an overall energy resolution of 30 KeV. Thirty
85
states in Kr have been observed in this work, at excita-
tion energies up to 4.547 MeV, almost none of which had
been reported previously. DWBA analysis of the angular
distributions have allowed spin and parity assignments
to be made, and spectroscopic factors to be determined for
twenty-five states. In all, fourteen i =2, two l =4,
one 1 = 1, and eight l = 0 states were observed. Applica-
tion of the spectroscopic factor sum rule S.(j) = 1, indi-
cates that the sum rule is not completely satisfied for
the d3/2, g7/2 or d5/2 states, but is satisfied for sl/2
states.
The ground state spectroscopic factor of 0.19
indicates that the g9/2 orbit is about 80 percent filled
60
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84
m Kr. The observed weak I=l state at 0.30 MeV is
indicative of some configuration mixing in the ground
state of Kr. The only definitive spin assignment for
the 1 = 2 states is that of 5/2
+
for the 1.136 MeV state,
which, as the first strongly excited state, is clearly
indicative of the filling of the first I=2, d5/2 sub-
shell above N = 50. Similarly, the strong I=2 state at
3.565 MeV probably indicates the beginning of the d3/2
subshell,* however, the assignment of d3/2 to this state
can only be tentative. If we arbitrarily assign the four
I=2 states below the 3.055 MeV state to be d5/2, and the
remaining I=2 states to have spin and parity 3/2
+
,
then
255/2 = 0.64 and SS3/2 = o/67. Probably some of the more
highly excited I=2 states have spin and parity 5/2
+
rather than 3/2
+
.
The centroids of the single-particle states can
be obtained from
we obtain E(sl/2) = 2.71 MeV; on the basis of the above
assumption that l = 2 states below 3.055 are d5/2
+
states,
and those above have spin and parity 3/2
+
,
then we obtain
I (J) = SE.s. ( J)/Ss.( J)
62
E(ds/2) = 1.44 MeV, and E(d3/2) = 4.06 MeV. Overall, the
8 5
states of Kr indicate a rather close correspondence with
8 7
those of Sr, except that the single particle orbitals
appear to lie at a somewhat lower excitation energy in
85„
Kr.
Figure 5.1 shows a comparison of this work with
the low lying levels in
87
Sr,
89
Zr and
91
Mo.
85
Kr has 36
8 7 89
protons, that is, two less than Sr, four less than Zr,
91
and six less than Mo. The difference in the level of
49 neutrons as seen in this table are clearly attributed
to the difference in proton number. Also the spectra of
89 91
Zr and Mo were from pickup reaction which could be
opposed to the stripping mechanism of our (d,p) measure-
ments, and hence tended to excite different states.
a a
Figure 5.1. A Comparison
of Low-Lying Levels of °^Kr
;
9
Zr, and 9lMo.
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